This paper uses a time-varying parameter model with generalized autoregressive conditional heteroscedasticity effects to examine the dynamic behavior of crude-oil prices for the period 1997-2008. Using data from four countries of the Gulf Cooperation Council, we find evidence of short-term predictability in oil-price changes over time, except for several short sub-periods. However, the hypothesis of convergence towards weak-form informational efficiency is rejected for all markets. In addition, we explore the possibility of structural breaks in the time-paths of the estimated predictability indices and detect only one breakpoint, for the oil markets in Qatar and United Arab Emirates. Our empirical results therefore call for new empirical research to further gauge the predictability characteristics and the determinants of oil-price changes.
Introduction
Oil is one of the world's most important commodities and serves as the underlying assets in the trading of various financial derivatives instruments. One should bear in mind the importance of oil when looking at the reactions of the global economy and financial markets to information concerning any disruptions in global oil supply.
Understanding crude-oil price dynamics is thus of great interest to many economic agents.
Stimulated by the fact that oil prices have experienced wide swings and high volatility during recent decades, a significant number of empirical works have extensively examined the links between oil prices, economic growth, and stock markets. It is widely agreed that the increases in oil prices correlate negatively with economic growth, non-oil firm-performance, and stock market activities in most oil-importing developed and emerging countries (see, e.g., Jones and Kaul, 1996; Hamilton, 1983; Basher and Sadorsky, 2006; Zhang, 2008; Lardic and Mignon, 2008; Lescaroux and Mignon, 2008; Driesprong et al., 2008) . The aforementioned links are sensitively different for oil industries and net oil-exporting countries where some evidence of positive relationships has been documented (Hammoudeh and Li, 2004; Maghyereh and Al-Kandari, 2007; Arouri and Rault, 2009) . Another important finding is that economic variables may be nonlinearly associated with oil-price movements as well.
For instance, Zhang (2008) employs a nonlinear model to investigate the relationship between oil-price shock and economic growth in Japan, and shows the existence of nonlinearities and asymmetric linkages between the two variables studied. Lardic and Mignon (2008) reach the same conclusion for other developed economies from an asymmetric cointegration approach. With regard to oil and stock markets, Jones and Kaul (1996) show that aggregate stock market returns in four developed countries (the United States, Canada, Japan, and United Kingdom) are negatively related to oil price shocks. In a related study, Basher and Sadorsky (2006) find supporting evidence for the significant influence of oil-price risk on stock market returns in emerging countries. Additionally, some studies have analyzed the impact of oil-price movements from sectoral perspectives and reported that oil prices do not affect different industries in the same ways (see, e.g., El-Sharif et al., 2005; Hammoudeh and Li, 2004; Boyer and Filion, 2007; Nandha and Faff, 2008) . There is also evidence of a long-term equilibrium relationship between various oil benchmark prices having different physical properties and locations (Hammoudeh et al., 2008) .
Questions about the informational efficiency of crude-oil markets have been, however, less investigated than other issues, despite its important implications for traders' future actions on their portfolios and for policymakers on their energyinvestment and energy-consumption policies. Misleading information may therefore damage their interests. To get a further insight into how important is such a concept, it is opportune to recall that an efficient market generally refers to a market situation in which all available and relevant information are fully and instantaneously reflected in a security's market price so that no one can take advantage of these information. 1 Accordingly, there are neither undervalued nor overvalued assets in an efficient market, and market price of financial assets constitutes a proper guide for capital budgeting and allocation. That is why market efficiency is desirable and central to asset pricing models and investor's investment decision-making process, meanwhile it 1 Based on the nature of available information, Fama (1970 Fama ( , 1991 distinguishes three forms of market efficiency: strong form, semi-strong form, and weak-form efficiency. The set of available information refers to both public and private information for the strong-form efficiency, but it is limited to all public information for the semi-strong form and to all past price movements for the weak form.
rests on strong assumptions such as, frictionless markets, information availability and transparency, investor rationality and arbitrage.
In the literature of energy finance, discussions concerning the efficiency of crudeoil markets began with the work of Green and Mork (1991) . These authors test the hypothesis according to which the official prices of crude-oil contracts are efficient in the sense of Fama (1970) , i.e., the price of a futures contract on crude oil is an efficient predictor of the ex-post spot price at the time of merchandise delivery, if all the relevant information was available at the time when the contract was set up. Using the generalized method of moments to make inferences about the predictability of monthly oil prices (Mideast Light and African Light/North Sea crudes), Green and Mork (1991) reject the weak-form efficiency for the whole sample period 1978-1985, but provide evidence of efficiency improvements over time when sub-sample periods are used. Maslyuk and Smyth (2008) also examine the efficiency of crude oil markets by analyzing the weekly spot and futures prices for both US West Texas Intermediate (WTI) and UK Brent benchmark crudes over the period from January 1991 to December 2004. The authors employ Lagrange Multiplier unit root tests allowing for one and two structural breaks, and find that each of the oil-price series contains a random walk. It then follows that the crude oil markets they studied were efficient in the weak form.
2 Shambora and Rossiter (2007) (Sivapulle and Moosa, 1999; Tabak, 2003; Serletis and Rangel-Ruiz, 2004) . Their empirical results generally support the validity of weak-form efficiency as successive stock price changes are random variables, implying that futures price changes cannot be predicted from past price changes in a meaningful way. 3 See Ashenwald et al. (2002) for detailed discussions of artificial neural network models and their applications in economics and finance.
predictability in the futures market for oil, which is clearly inconsistent with the work of Maslyuk and Smyth (2008) . Taking a different approach, Tabak and Cajueiro (2007) Tabak and Cajueiro (2007) in that crude-oil markets converge towards weak-form efficiency over the long term. Furthermore, their results are consistent with the existence of the timevarying short-term predictability reported in Elder and Serletis (2008) .
The present paper aims to contribute to the debate about the efficient behavior of crude-oil markets by focusing attention on the four main petroleum-exporting countries of the Gulf Cooperation Council (GCC): Kuwait, Qatar, Saudi Arabia, and United Arab Emirates (UAE). One of the most important motivations for studying these countries is that they are major suppliers of oil in world energy markets and represent a very promising area for international portfolio diversification. In addition, to the best of our knowledge none of the previous studies has investigated informational efficiency in GCC oil-exporting countries. 4 At the empirical level, we suggest the use of a time-varying parameter model to investigate whether selected GCC crude-oil markets converge towards weak-form market efficiency over time. From an econometric point of view, this approach relies on the estimation of a dynamic linear model with unobserved components based on the application of the Kalman filter technique. It allows us to study the convergence of crude oil prices towards efficient prices over time and to examine the speed of this convergence process while controlling for the presence of conditional heteroscedasticity and leptokurtic distribution of crude-oil returns. Compared to the related literature, our contribution is primarily related to the work of Tabak and Cajueiro (2007) and Alvarez-Ramirez et al. (2008) in the sense that we are also interested in the dynamics rather than the average behavior of crude-oil prices, but our methodology is different. This then allows us to compare the results obtained across studies.
Our empirical results indicate that crude-oil price changes in the countries studied behave in accordance with the weak-form efficiency hypothesis only at the beginning of the period we study. We then find strong evidence of short-term predictability of oil-price changes for almost all of the period, with no tendency to converge towards weak efficiency. Furthermore, contrary to the expectations that sudden changes may occur in the evolving efficiency measure, our test documents only one breakpoint, for the oil markets in Qatar and UAE. Theses breakpoints do not appear to correlate exactly with any of the world's main petroleum or political events.
The remainder of this paper is organized as follows. Section 2 describes the empirical method we use to model the dynamics of crude-oil prices and to explore the possibility of sudden changes in oil-price predictability indices. Section 3 presents the data and discusses the results obtained. Section 4 concludes the paper and suggests some policy implications arising from the results. Although the theory of market efficiency applies to all kinds of financial securities, academic and practitioner discussions of its validity have mostly focused on equity and foreign-exchange markets. In this paper we shift our attention to crude-oil markets and examine their weak-form efficiency, according to which future returns cannot be predicted from past returns. The methodology we use here to detect predictable patterns in oil returns rests on the estimation of a time-varying autoregressive model with unobserved parameters. The rationale for doing so is that the GCC countries have, over the past two decades, accelerated and deepened policy reforms to create a favorable business environment, promote non-oil growth, and open their markets to foreign investments. Prudent fiscal and monetary policies, coupled with the resilient supervision of banking system as well as the adherence to international standards and codes, are also implemented to reduce their high degree of dependence to oil price shocks and oil revenues (Fasano and Iqbal, 2003) . All in all these efforts would permit to substantially decrease market frictions, which ultimately leads to expect that oil prices behave more efficiently over time.
Empirical method
More explicitly, let t i P , be the crude-oil price at time t in a given country i where we wish to test the weak-form market efficiency, and t i r , the oil continuouslycompounded returns computed as
; we further assume that the oil return's dynamics can be modeled by the following system of equations:
In these formulas,
 respectively measure, for country i, the longterm trend and the potential serial dependency of crude-oil returns. They are allowed to change over time according to a first-order random-walk process described in Equation (4). The idea behind this dynamic modeling is that the time values of these unobserved factors are a function of underlying market fundamentals that drive crude oil price formation. t h represents the conditional variance of model residuals (
which is assumed to follow the standard GARCH (1,1) specification proposed by Bollerslev (1986) . apply the Kalman filter, the innovations in Equation (1) are further assumed to be uncorrelated with those in Equation (4)
. It is worth noting that we intentionally employ a first-order autoregressive process to model the time-series dependence structure of oil-price returns, since all relevant information for asset pricing must be accurately and instantaneously incorporated in the latest price according to the hypothesis of weak-form efficient markets.
Under the null hypothesis of weak-form efficiency in crude-oil markets, the values of estimated
 must be equal to zero or statistically insignificant for all time periods. Accordingly, our model is reduced to a special case where crude oil price follows a random and unpredictable path, that is:
Overall, the model offers the possibility of inferring a direct and time-varying measure of weak-form efficiency for crude-oil markets. As the model parameters change, we might observe a movement from inefficient to efficient states or viceversa depending on the actual market conditions (e.g., market microstructure, trading mechanism, costs, and information availability) as well as the behavior of crude-oil market participants (e.g., arbitrageurs, speculators, producers, and policymakers).
Typically one would see the crude-oil price movement towards efficiency if the market under consideration experiences increased transparency and information quality, increased liquidity, and reduced trading costs through time. The proposed measure is also meaningful for reflecting the evolving characteristics of these markets owing to the gradual impacts of structural reforms. In addition, the model is general in the sense that it contains the case of a constant parameter model when ) (k i V does not fluctuate over time. In the literature, Zalewska-Mitura and Hall (1999) show that, within the Kalman filter framework, the model is powerful enough to effi-ciently detect changes in time-varying degrees of market efficiency, except for the first few observations. This empirical method has been applied to assess the ongoing informational efficiency in some emerging and frontier-emerging equity markets (see, e.g., Rockinger and Urga, 2000; Jefferis and Smith, 2005; Fontaine and Nguyen, 2006) .
Given the state space form of our model with equations (1) and (4) being the measurement and state equations respectively, the Kalman filter algorithm can be appropriately implemented to estimate the unobserved state vector
 . In principle, the Kalman filter recursively delivers the optimal estimator of the system's current states, depending on the information available at that time, by a two-step process. It first calculates the expectations of the unobserved state vector based on previously available information, and then updates the state vector when a new observation becomes available. To obtain estimated values of the set of other unknown parameters
, we have to construct a log-likelihood function based on the Kalman gain under the normality assumption (see, Harvey, 1993) . Estimation of the model is then carried out by using the Quasi-Maximum Likelihood (QML) method which provides asymptotic and robust estimates even though the conditional returns are not normally distributed.
Test of structural change
We now explore the possibly sudden changes in the time-paths of the estimated oilreturn predictability series
 . Following Bai and Perron (2003) , we consider a linear regression model of the following form: Accordingly, we test the null hypothesis of 'no structural break' against the alternative of an unknown number of breaks given some specific upper bound M (1≤m≤M) where M is arbitrarily set equal to 5. Whenever m exceeds this upper bound, a higher value is thereby chosen. The Bayesian Information Criterion (BIC) is employed, as suggested by Bai and Perron (2003) , to determine the optimal number of breaks, i.e., the number corresponding to the lowest BIC score.
Data and results
This section first presents the data used and their stochastic properties. We then discuss the empirical results of the evolving efficiency test as well as the Bai and Perron (2003) test for unknown multiple breaks in the time-varying predictability indices that we estimated in the first stage.
Data
We obtained the crude-oil price data from the Energy Information Administration (EIA). The data are the weekly spot FOB prices, expressed in dollars per barrel, for four OPEC and GCC countries: Kuwait, Qatar, Saudi Arabia, and UAE. The study period, which runs from February 7, 1997 to November 14, 2008, covers the recent episodes of sharp fluctuations in crude-oil prices. Kuwait/UAE (0.975). It should be noted that Spearman-rank correlation is also a measure of statistical association between random variables, but it performs better than the pairwise correlation when the variables considered are non-normal, which is the case for our crude-oil return series. These results suggest that the various oil prices have practically the same dynamics, and differences in their dynamical adjustment process might simply be due to variations in the oil-exporting country's specificities, oil quality, and transaction and transportation costs. To further apprehend the short-term dynamics of crude-oil return series over time,
we also proceed to calculate the rolling first-order autocorrelations for each of the countries included in our study 6 . The results for a 24-week rolling window are presented in Figure 1 . We observe that rolling autocorrelations combines alternative periods of negative and positive values, with however a dominance of positive values in particular at the end of the sample period. These finding suggest some predictabili-ty in the series dynamics and thus the rejection of the efficiency weak-form. However, apart some periods where there was an increase in autocorrelation coefficients (e.g., December 27, 2002 -April 11, 2003 and July 9, 2006 -May 2, 2007) , the level of predictability is not very high in general. These results should be compared with the outcomes of our more robust econometric method, the Kalman Filter.
It is interesting to note that the changing patterns of 24-week rolling autocorrelations are somewhat similar for two pairs of markets among our sample, Kuwait/Saudi Arabia on the one hand, and Qatar and UAE on the other hand. 
Time-varying short-term predictability in oil markets
The standard deviations of estimated parameters are given in parenthesis. For the estimated parameters in the conditional mean equation, we report their averages since they are allowed to vary over time. The significance of these coefficients ( , and *** indicate the significance of estimated parameters at the 10%, 5%, and 1% levels respectively.
It is equally important to note that the GARCH (1,1) specification successfully captures the leptokurtic behavior and conditional heteroscedasticity in crude-oil returns for all four markets. Indeed, the coefficients of the conditional volatility equations are highly significant and satisfy the theoretical stability conditions, i.e., The crude-oil market in Kuwait appears to be weakly efficient over a relatively short period at the beginning of the study period, i.e., from February 7, 1997 to April 2, 1999. Note also that the period from January 16, 1998 to March 27, 1998 was marked by an inefficient behavior of oil prices in this market. After April 9, 1998, this market becomes informationally inefficient until the end of the study period without any tendency to converge towards weak-form efficiency. This indicates that oil-price movements in Kuwait can be predicted from their past values. Figure 4 depicts the trajectory followed by the coefficient
It shows that autocorrelations of weekly crude-oil returns display time variations and have become apparently significant after April 2, 1999. The Saudi market, with a continuum appreciation of the predictable coefficients at the end of the period, is far from any level of efficiency. These results indicate the presence of substantial shortterm predictability, since past movements in crude-oil prices enable the prediction of from 20% to 24% of the changes in future prices.
The pattern followed by the predictability index of the UAE market is quite similar to those of Kuwaiti and Saudi markets (see, Figures 2 and 4) . This market begins with an efficient behavior over the period from February 07, 1997 to March 19, 1999 . After this period, it becomes inefficient and remains in this pattern up to the end of the whole sample because
 is substantially different from zero and has a slightly raised level. Additionally, there is, as we can observe a pronounced trend of moving away from weak efficiency. than afterwards. This period was particularly associated with a sharp drop in crudeoil prices, and oil-production quota cuts by the OPEC in response to the unexpected and serious impact of the Asian crisis 8 . The decline in production activity and thus oil consumption of Asian economies and Asian Pacific region was responsible for the most part of this price reaction. As major oil-exporters of the OPEC, our sample countries were effectively affected by these oil-market events. In this context, their relatively higher efficiency can be potentially explained by the absence of price controls, geopolitical tensions, and other significant market imperfections such as leveraged trading and speculations, compared to the later period. These conditions would lead to a more broadly market-based price in which the current crude-oil price fluctuates closely around its fundamental value.
Second, all markets we study exhibit predictable patterns almost since the mid- Summarizing all, our empirical results reveal that the dynamic pattern of predictability is somewhat similar across the four countries we consider. The hypothesis that crude-oil markets reached a higher level of weak efficiency cannot be confirmed.
Moreover, none of them has displayed signs of evolving towards an efficient state, because the oil-return autocorrelations become more and more prominent and significant as the end of the estimation period approaches. Finally, we find no evidence of substantial variations in predictability though time. These findings are consistent with the results of our rolling autocorrelation analysis (sub-section 3.1) and with those of Elder and Serletis (2008) , who show unambiguous evidence of short-term predictability in crude-oil returns from a semi-parametric wavelet-based approach,
and Alvarez-Ramirez et al. (2008) , who cannot reject the presence of meaningful autocorrelations in the Brent (North Sea -Europe), WTI (USA), and Dubai (UAE) crude-oil price returns for time horizons shorter than one month by estimating the DFA-augmented (Detrended Fluctuation Analysis) Hurst exponent.
Explanation of sudden changes
As shown in Figures 1, 2 , and 3, crude-oil returns in the four countries studied have experienced a number of large increases and decreases. These changes are commonly explained by major developments and reforms in the oil industry (e.g., crude oil markets have been gradually deregulated beginning in the 1980s), the considerable increase in industrial investment activities dependent on oil-based energy, the impact of oil-price regulation policies, and the influences of wars, political events, embargoes, and revolutions. Tabak and Cajueiro (2007) Bai and Perron (2003) test for unknown multiple structural breaks in a linear regression framework. The optimal number of breaks corresponds to the one having the lowest BIC (Bayesian Information Criterion) score.
The Bai and Perron (2003) test for multiple structural breaks was performed for all four crude-oil markets considered and the results obtained are summarized in Table 3. We detect one breakpoint for the crude-oil market in Qatar on November 6, 1998, and one breakpoint for the crude-oil market in the UAE on March 19, 1999.
Structural changes are not seen in the time-variations of predictability measures for Kuwait and Saudi Arabia.
Once the breaks are observed, it is naturally interesting to investigate the potential factors underlying their occurrence. As we can see however, both observed breaks in Qatar and the UAE do not coincide exactly with any particular event in world and regional oil history, but their 95% confidence intervals do cover several important oil events such as OPEC's announcements of oil-production cutbacks of 1.245 million barrels per day on March 31, 1998 (effective on April 1, 1998), and of 1.355 million barrels per day on June 24, 1998 (effective on July 1, 1998). The occurrence of these structural changes was also coupled with promises from non-OPEC nations (e.g., Mexico, Oman and Russia) to reduce their oil production. These measures, which have been undertaken together by world oil producers in response to the decline in global oil demand following the advent of the financial crisis in July 1997, are likely to change the nature of crude-oil price dynamics in the Qatari and UAE markets.
Indeed, crude-oil price recorded its lowest level since the early 1990s for Qatar in December 1998 ($10.15 per barrel) and for the UAE in February 1999 ($9.83 per barrel), but it was then tripled between January 1999 and September 2000 and experienced its upward dynamics until July 2008. Aside from this argument, structural breaks in Qatar and the UAE can be further explained by the fact that Asian countries are the primary export markets for their oil products, which is not the case for other GCC countries of our sample 10 . Therefore, sudden drops in energy consumption of Asian countries due to economic slowdowns strongly affect both countries' oil exports, and may ultimately lead to shifts in the oil-predictability behavior. The rela-10 Our calculations from the Arab Monetary Fund's statistics reveal that in 1998 the Asia's top three importers from Qatar count for 69% (Japan 52%, Singapore 9%, and South Korea 8%), compared to 46% for the UAE (Japan 30%, South Korea 10%, India 6%), and 36% for Saudi Arabia. Data for Kuwait are not available in 1998, but the Asia's top two importers from Kuwait represent about 40% in 1997 and 31% in 1999. tively lesser dependence of the UAE on Asian oil importers may explain the fact that the estimated break date in the UAE lags behind the break we detected in Qatar.
Note finally that our empirical method was also applied to a more recent weekly dataset covering the period from January 7, 2000 to January 8, 2010 as the last decade was marked by a specific oil-price dynamics, i.e., the period of soaring oil pric- 
Conclusion
This paper employs a time-varying parameter model with GARCH effects, based on the Kalman filter framework, to examine the time-variations in the short-term predictability (autocorrelations) of crude-oil price returns. The rationale for doing this is that international oil markets have evolved significantly since the petroleum shocks of the early 1970s, and a competitive market has been progressively established by the continuing movement towards structural reform in the major oil-exporting countries. There are now internationally-accepted prices for both crude and refined oil products. Oil markets are being further deregulated, and market frictions such as price controls and restrictions on trade are gradually being removed, improving the efficiency of oil markets. In this regard, one may expect that oil prices have evolved towards a more efficient behavior over time according to the theory of financial market efficiency. It should also be noted that this oil-market situation is one particularly ics over the study period, except for some relatively short sub-periods. However, the hypothesis of convergence towards efficient behavior over time cannot be confirmed, since the intensity of oil-return predictability has tended to increase rather than decrease in recent years. We also performed the Bai and Perron (2003) test to investigate the effects of structural reforms on the time-path of the estimated predictability measure, and detect only one breakpoint, for Qatar, whose 95% confidence intervals broadly cover the period of major changes in crude-oil prices following OPEC's decisions to reduce its oil production.
To the extent that oil-price increases negatively influence economic activity and that this can be predicted from their past history, it would be in the interest of policymakers to consider these features in order to develop coherent energy and economic plans. For global investors who allocate portions of their portfolios to crude and refined oil products, our results imply that short-term benefits can be obtained from an active investment strategy, while taking into account trading and transaction costs.
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